The use of photoinduced processes enabling polymer chemists to synthesize tailored novel macromolecular architectures has recently been revitalized. In this presentation, new photochemical approaches, mainly developed in the authors' laboratory, were highlighted. It was shown that many homogenous and heterogeneous photoinitiators including structurally modified polymers, nano and porous materials are capable of initiating conventional free radical and cationic polymerizations under UV and visible light.
Introduction
Photochemical processes find practical applications both in laboratory and industrial scale productions as it brings indisputable advantages compare to the conventional methods by means of low energy requirements, environmentally friendly processing, mildness and modularity [1, 2] . These advantages clearly accentuate the priority of photochemical strategies as an example of green chemistry, which is perhaps the most important demand in the last decay as we move to a more sustainable world [3] . In addition, it provides temporal and spatial control over the processes, which allows the preparation of 3D shaped materials [4] . In this work, we present recent progress on the various new photochemical approaches used for macromolecular syntheses.
Photopolymerization
Photopolymerization is undoubtedly the most important application of photochemical processes in macromolecular syntheses. It is the typical process that transforms a monomer to a polymer by the aid of the photon energy. For such transformation to occur, the use of a photoinitiator is vital, as it is the actual element to produce the reactive species responsible for the initiation upon light exposure. Both free radical and cationic photoinitiators are known and their initiation mechanisms are investigated in detail.
α-bond cleavage mechanism [7] . In addition, due to the electron-rich nature of the radicals generated upon their photolysis, they were shown to initiate radical promoted cationic polymerization in the presence of onium salts as oxidants (vide infra). Dibenzoyldiethylgermane for example is a very interesting compound as it operates in the visible range and leads to the synthesis of polygermans when irradiated in the absence of monomers [8] (Scheme 2). Scheme 1. Photoinduced radical generation processes.
Scheme 2. The use of dibenzoyldiethylgermane in different photo-induced polymerization processes.
Despite acting slower compare to the Type I initiators, Type II systems exhibit extended light sensitivity at higher wavelengths. Thioxanthone and its derivatives are wellknown Type II photoinitiators. In conjunction with co-initiators, the efficiency of thioxanthones were found to be very similar with that of benzophenone [9] . However, the addition of amines (or in some cases thiols) brings out intrinsic drawbacks such as offensive odor, toxicity and migration of these volatile molecules in cured films, which decrease the hardness of the obtained films. To overcome such disadvantages, novel thioxanthone molecules also possessing hydrogen donating functionalities have been developed. Thus, obtained thioxanthones were shown to initiate polymerization without the necessity of using an additional co-initiator in the reaction media. Chart 1 demonstrates the recently developed thioxanthone derivatives [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Chart 1. Thioxanthone-based one-component radical photoinitiators.
In another approach, thioxanthone moieties are attached to the chain-end or side chains of polymers, serving hydrogen-donating sites on the main chain [20] [21] [22] . There are also few examples of step growth polymers possessing thioxanthone moieties in the main chain and end-chain thioxanthone functionalized dendritic structures showing photoinitiation capability. Chart 2 shows some of the macrophotoinitiators bearing thioxanthone moieties developed in the authors' laboratory.
Chart
2. Macrophotoinitiators bearing thioxanthone moieties.
Other free radical photoinitiators
Dimanganese decacarbonyl is an easily available compound, which absorbs light in the visible region. When used in conjunction with appropriate alkyl halides, many reactive species can be formed. Its utilization as a photoactive system for the fabrication of wide range of macromolecular structures deserves intense consideration from the practical point of view [23] [24] [25] . We have reported that the related visible light initiating systems involving both radical and cationic modes can be applied in the synthesis of various macromolecular structures, such as telechelic polymers [26] , block [27, 28] and graft copolymers [29] , and hyperbranched polymers [30] . Scheme 3 shows the overall uses of dimanganese decacarbonyl in macromolecular syntheses.
Scheme 3. Dimanganese decacarbonyl chemistry for macromolecular syntheses.
In a recent study, we have shown the possibility of using mesoporous graphitic carbon nitride (mpg-C 3 N 4 ) in conjunction with tertiary amines as initiators in visible-light induced free radical polymerization [31] . The initiation mechanism involves photoinduced free radical generation by scavenging holes with amines and subsequent hydrogen abstraction.
Cationic photoinitiating systems
Onium salts are the most widely used cationic initiators, which contain a heteroatom as the cationic center. The counterions on the other hand are generally inorganic metal complexes with non-nucleophillic character such as SbF 6 -, PF 6 -and BF 4 - [32] . The most popular classes are diaryl iodonium [33, 34] (Scheme 4), triphenyl sulfonium [34, 35] and N-alkoxypyridinium salts [36] [37] [38] [39] [40] , which undergo direct photolysis to generate bronsted acids and/or carbocations, responsible for the initiation of cationic polymerization.
However, such direct photolysis can only be performed under short wavelength irradiation, where the onium salts display photoactivity. In order to externally stimulate the initiation at lower energies, several indirect methodologies were proposed as shown in Scheme 5. Scheme 4. Photoinitiated cationic polymerization using diphenyliodonium hexafluorophosphate. a) Use of charge transfer complexes (CTCs) Certain aromatic compounds with high electron densities such as 1, 2, 4-trimethoxybenzene or hexamethylbenzene form CTCs with pyridinium salts at the ground state, which absorb light at higher wavelengths compare to the precursors. Photodegradation of thus formed CTCs produces cationic species responsible for polymerization [41, 42] . b) Oxidation of free radicals This approach considers the use of free radical photoinitiators together with onium salts or suitable metal salts used as oxidants such as AgPF 6 . Upon irradiation at high wavelengths where the onium salts are transparent, radicals are formed, which are simultaneously oxidized to yield the corresponding cations. Thus, formed cationic species eventually initiates the polymerization of appropriate monomers present in the medium [7, 8, 15, 17, [43] [44] [45] [46] [47] [48] . c) Electron transfer in excited state complexes (Exciplexes)
Most of the electron-rich sensitizer molecules absorb light at lower energies and form exciplexes with ground state onium salts to yield cationic species initiating cationic polymerization [49] . Such compounds include anthracene, pyrene, perylene, and thiophene derivatives [37, [50] [51] [52] [53] [54] [55] . All mechanisms of cationic polymerizations are demonstrated below.
Among the three modes of the initiating systems, the electron transfer reactions in exciplexes received a special interest due to the possibility of using low molar mass, polymeric and nano structured highly conjugated systems. In a previous study from our laboratory, we have shown the possibility of using highly conjugated poly(phenylene vinylene) (PPV) derivatives as macro- sensitizers to conduct cationic polymerizations at higher wavelengths [56] .
The specific grafts such as polystyrene and poly(ε-caprolactone) made the main PPV segment become soluble without very much affecting the redox properties. Scheme 6 shows the overall mechanism of cationic polymerization using PPV/iodonium salt initiating system. Scheme 5. Indirect initiation of cationic polymerization.
Scheme 6. Proposed mechanism for photoinduced cationic polymerization using PPV based graft copolymers as photosensitizers.
In another strategy, we have used fullerene (C 60 ) derivatives as sensitizers [57] . Bare C 60 is known for its excellent electron acceptor characteristics.
However, certain modifications on the core C 60 was shown to make a dramatic impact on its redox properties. Polystyrene chain was attached on the C 60 core [58] , to improve reducing characteristics and solubility properties. The final polymer successfully sensitized the initiation of cationic polymerization in the presence of oxidants. The general mechanism is depicted in Scheme 7.
Scheme 7. Visible light induced cationic polymerization by fullerene sensitization.
6.
Photo-induced controlled radical polymerization
The introduction of Controlled Living Radical Polymerization (CLRP) concept to the synthetic polymer chemistry provides the synthesis of various polymeric architectures with controlled chain-end functionality and molecular weight characteristics [59] . Among these techniques, Atom Transfer Radical Polymerization (ATRP) became the most commonly used method due to the availability of a broad scale of initiators and adaptability of a higher numbers of monomers [60, 61] . However, due to the requirement of low-oxidation state transition metal complexes, strict precautions need to be taken in order to prevent the formation of metal oxides. To overcome this disadvantage, in-situ generation of Cu(I) complexes by the reduction of the corresponding Cu(II) conjugates have been suggested. The most intensively adapted technology to conduct ATRP in the presence of Cu(II) catalysts has become the photochemical approaches as it provides spatial and temporal control over the processes [62] . Recent works from our laboratory showed that direct photo-irradiation of Cu(II) complexes lead to the formation of Cu(I) catalysts in the reaction media, which could mediate ATRP of appropriate monomers. The probable mechanism considers an electron transfer from the π-electrons of the ligand to the core metal to yield the Cu(I) complexes. In this method, introduction of methanol in the polymerization medium was shown to regulate the molecular weight distribution of the polymers obtained, as it further facilitates the reduction of Cu(II) species, which provides a simultaneous initiation of polymerization. The general mechanism of photo-initiated ATRP by direct irradiation is shown in Scheme 8 [63, 64] . Scheme 8. General mechanism of photo-initiated ATRP by direct irradiation using methanol.
When a free radical photoinitiator is used and the reaction mixture is irradiated at wavelengths where the photoinitiator absorbs the light, the generation of Cu(I) is produced at much faster rates [65] [66] [67] . This so called, ATRP by the indirect generation of the activator has the following mechanism as demonstrated in Scheme 9.
Scheme 9. General mechanism of photo-initiated ATRP by using free radical photoinitiators.
Another approach considers the utilization of dimanganese decacarbonyl (Mn 2 (CO) 10 ), which is very well known for its capability to abstract halides from various halidecontaining compounds upon visible light irradiation (vide ante). When a solution containing Mn 2 (CO) 10 , RX, CuBr 2 /L and monomer was irradiated, Cu(II)/L was shown to be simultaneously reduced to Cu(I) by Mn(CO) 5 species formed. Inevitably, the same species abstract halide from the alkyl halide present [68] . The general mechanism is shown in Scheme 10.
Scheme 10. Grafting of MMA from PVC via visible light induced ATRP using Mn 2 (CO) 10 .
Photoinduced click reactions
The most popular classes of click reactions where photochemical strategies are applied are thiol-ene [69] [70] [71] [72] [73] [74] [75] [76] , which considers the addition of thiols to alkenes and copper catalyzed azide-alkyne cycloaddition (CuAAC) reactions [77] [78] [79] [80] . a) Photo-induced thiol-ene reactions Although known for its rapidity and modularity, thiol-ene reactions suffer from their inapplicability to couple macromolecules together. Thus, it is general applied to lowmolar mass compounds or for the coupling of low-molar mass compounds with macromolecules [81] . The reaction requires a radical source, which may be generated thermally or photochemically. Yagci and coworkers tested both radical generation mechanisms to synthesize polystyrene telechelics by thiol-ene chemistry. For this purpose, thiol and allyl end functionalized linear polystyrenes with various enes (allyl bromide, methyl acrylate, and methyl methacrylate) and thiol (3-mercaptopropionic acid) have been coupled. The photochemical pathway, which was realized by the use of Type I and Type II initiators was found to be more efficient in comparison to thermal strategies (Scheme 11) [76] .
Scheme 11. Thiol-ene reactions on polystyrene by photochemical and thermal routes.
b) Photo-induced CuAAC
CuAAC reactions are fast, modular and highly efficient reactions, which provides the syntheses of various macromolecular structures. These reactions also require Cu(I) catalysts that brings the typical disadvantages along with the similar overcoming strategies applied for ATRP. Use of free radical photoinitiators were shown to realize CuAAC for the syntheses of telechelic and block copolymers (Scheme 12) [82] .
Scheme 12. Synthesis of telechelics and block copolymers by photo-induced CuAAC.
In a different approach, polynuclear aromatic compounds (PACs) such as anthracene, pyrene and perylene was used as sensitizers for the generation of Cu(I) catalysts. The excited states of these compounds are known to form reduce onium salts as described above. Similarly, upon irradiation of the solutions containing one of the PACs and Cu(II) complex, Cu(I) analogs were shown to be formed simultaneously following a photoinduced electron transfer mechanism (Scheme 13) [83] .
Another approach considers the use of fullerene-attached gels, where the excited state fullerene moieties generated Cu(I) for the realization of click chemistry [84] . Recently, we have incorporated fullerenes on polymer chain ends and gel structures to prepare homogenous and heterogeneous phase activators for Cu(I) generation, and thus CuAAC reactions. The general mechanism of CuAAC reactions, photoinduced by fullerenes is shown in Scheme 14.
Several other strategies were also applied using nanoparticles [85] or mesoporous surfaces (i.e. mesoporous carbonnitrite) [86] for the realization of CuAAC by simultaneous Cu(II) reduction. In these concerns, the reduction processes proceeded through an electron transfer from the material holes to the Cu(II) to generate Cu(I). The reaction pathway is shown in Scheme 15 for the case of zinc oxide nanoparticles.
Notably, as the main idea is the in-situ generation of Cu(I) species, similar materials were also used in photo-induced ATRP processes [87, 88] .
Scheme 13. Mechanism of the photoinduced click reaction using perylene and high oxidation state copper. Scheme 14. Photo-induced CuAAC using fullerenes.
Scheme 15. Photo-induced CuAAC using ZnO nanoparticles.
Conclusion
In conclusion, the recent progress on the photochemical processes for the synthesis of J. Photopolym. Sci. Technol., Vol. 29, No. 1, 2016 macromolecular structures were presented. Newly developed photo initiating systems for free radical and cationic polymerizations acting at a broad wavelength range were discussed in terms of mechanistic details, efficiency and wavelength selectivity. It was also shown that ATRP and CuAAC reactions, both being based on the reduction of Cu(II) species, can be accomplished by photochemical means providing that photosensitive compounds and materials with appropriate absorption characteristics and redox properties are utilized. Such methodologies provide temporal and spatial control which can not be achieved by the corresponding conventional methods.
